Abstract. The authors investigated the effect of the position of fatty acids within dietary triglycerides on the composition of plasma lipids. Sixty volunteers consumed two diets of equal fatty acid compositions for 3 weeks each. In the palm oil diet 82% of palmitic acid was attached to the sn-1 and sn-3, and 18% to the sn-2 position of glycerol. In the diet rich in a palm oil analogue, Betapol, these figures were 35% and 65% respectively. Oleic and linoleic acid in palm oil were mainly in the sn-2 position, and in Betapol mainly in the sn-1 and sn-3 position. The proportion of palmitic acid in the 2 position of fasting plasma triglycerides was 10 . 2 g 100 g ÿ 1 on palm oil and 12 . 3 on Betapol; that of oleic acid was 46 . 9 vs. 43 . 6 (P 
Introduction
Every triglyceride (triacylglycerol) molecule contains three distinct and non-equivalent attachment sites for fatty acids. These are numbered sn-1, sn-2, and sn-3, where sn stands for stereospecific numbering. Natural fats and oils in the human diet differ in the positional distribution of their constituent fatty acids ( Table 1 ). The influence of the stereospecific distribution of fatty acids within dietary triglycerides on lipid metabolism is largely unknown, especially for the in vivo situation in humans.
The major pathways of lipid metabolism as currently envisaged ( Fig. 1) do not allow for effects of dietary triglyceride configuration on plasma lipid composition beyond the postprandial phase. After partial hydrolysis by pancreatic lipase in the intestine, dietary triglycerides are absorbed as 2-monoglycerides and free fatty acids [17, 18] . Reacylation of the monoglycerides in the mucosal cells results in chylomicron triglycerides that largely retain the original fatty acid in the middle or sn-2 position [5] (route B in Fig. 1 ). When these triglycerides are hydrolysed in the capillary bed, free fatty acids, glycerol and 2-monoglycerides are formed because lipoprotein lipase, like pancreatic lipase, primarily attacks the 1 and 3 position [7] (route D). The fate of the monoglycerides is not exactly known, but it is believed that they are removed quickly from the circulation after further hydrolysis by lipoprotein lipase [8] or monoglyceride hydrolase [19] (route E). Alternatively, the monoglycerides may be transported to the liver attached to albumin or in the core of the chylomicron remnants [9] (route F). Upon uptake in the liver they are probably further degraded [9, 10] (route G). Thus, according to these pathways, any memory of the original sn-2 position of the dietary triglycerides should be erased by the time chylomicron clearance has been completed.
Plasma cholesteryl esters are mainly formed by the lecithin : cholesterol acyltransferase (LCAT) reaction on HDL, which transfers the sn-2 acyl chain from phosphatidylcholine to cholesterol [12] (route M in Fig. 1 ). Phosphatidylcholine in plasma is synthesized de novo in the liver [16] (route P) and the intestine (route O), or by mucosal reacylation of lysolecithin absorbed from the intestinal lumen [13, 14] (route N). Cholesteryl esters are also formed from cholesterol and fatty acids by the acyl : CoA acyltransferase (ACAT) reaction in hepatic (route L) and intestinal mucosa cells (route A) and excreted into plasma in very low-density lipoprotein (VLDL) and chylomicron particles [4] . None of these routes predicts an effect of dietary triglyceride configuration on the fatty acid composition of cholesteryl esters.
Therefore, neither endogenous VLDL triglycerides in fasting blood nor plasma cholesteryl esters are expected to reflect changes in the position of fatty acids in dietary triglycerides as long as the overall mix of dietary fatty acids remains constant. However, current knowledge about the pathways by which dietary fat influences lipid metabolism (Fig. 1) is largely based on animal and in vitro experiments. We have now compared the effect of the positional distribution of dietary fatty acids on the fatty acid composition of fasting plasma lipids in a large group of human subjects.
Methods

Design and statistical analyses
The aim of the study was to investigate the effects of the positional distribution of fatty acids in the dietary triglyceride molecules on fasting blood lipids and lipid metabolism in humans. The effects on serum total and lipoprotein cholesterol levels have been reported elsewhere [20] .
The trial consisted of two consecutive 3 week periods, without a wash out period, during which each participant consumed both diets, in random order (cross-over). The diets were high in either palm oil, with palmitic acid predominantly in the sn-1 and sn-3 positions, or in Betapol, which contains palmitic acid mainly in the sn-2 position. The two sequences contained a nearly equal number of male and female subjects, and of women using and not using oral contraceptives. In this way, bias resulting from treatment order, drift of variables over time or effects of hormonal cycle was eliminated [21] . The subjects were masked as to the nature of their diets.
The data were analysed using a two-way analysis of variance (ANOVA) with subject and diet as class variables. This way of testing is equivalent to the paired t-test [22] . As the number of comparisons was quite high, which increases the likelihood of chance findings, the data are presented at confidence levels of both P 
01.
Subjects
All 23 men and 37 women who were admitted completed the trial successfully [20] . None suffered from anaemia, glycosuria or proteinuria, and they were apparently healthy, as indicated by a medical questionnaire. At the beginning of the study fasting serum total cholesterol ranged from 2 . 80 to 6 . 98 mmol L Approval for the study had been obtained from the Ethics Committee of the department. The protocol and aims of the study were thoroughly explained to the subjects, who gave their written consent. No financial reward was given, except for the study diets, which were free.
Diets
The diets were composed of conventional solid foodstuffs, and menus were changed daily during each 3 week dietary period. On weekdays at noon hot meals were served and eaten at the department, and other foods were supplied daily as a package. All foods were weighed out individually, according to each person's energy requirement. Body weights were essentially constant during the 6 weeks of the study [20] .
Both ). The differences in the positional distribution of fatty acids were achieved by the use of special margarines and oils, developed by the Unilever Research Laboratory, Vlaardingen, the Netherlands. The special fats provided 70% of total fat intake, or 90 grams at a daily energy intake of 12 MJ. Table 2 shows that the total fat in the two diets contained equal amounts of each specific fatty acid (columns 1 and 4), but differed widely in the positional fatty acid distribution. In the Betapol diet, 65% of the palmitic acid was attached to the 2 position, and the remaining 35% to the 1 and 3 positions. In contrast, 82% of the palmitic acid in the palm-oil diet was on the 1 and 3 positions, whereas only 18% was found on the 2 position. Sixty-eight per cent of the sn-2 fatty acids in the Betapol diet was saturated, mainly palmitic acid, whereas 73% of the sn-2 fatty acids in the palm oil diet were unsaturated, the majority being oleic acid ( Table 2 , columns 2 and 5).
Blood sampling and analysis
Blood was sampled after a 12 h fast on days 17 and 21 of each dietary period. Serum was obtained by low-speed centrifugation within 1 h of venipuncture and used for enzymatic analysis of total and HDL cholesterol and of total triglyceride levels [23] [24] [25] . On day 21 of each period blood was also drawn into tubes with EDTA as anticoagulant. These tubes were immediately centrifuged at low speed at 48C to separate plasma from the red blood cells. The cells were washed twice with ice-cold isotonic saline, transferred into glass tubes, and haemolysed at ÿ 808C. Samples were stored at ÿ 808C until analysis.
For the isolation of cholesteryl esters and triglycerides, 3 mL of isopropanol and 1 mL of distilled water were added to 0 . 65 mL of plasma, the sample was mixed for 30 s, 3 mL of n-octane was added and this mixture was shaken for 15 min. After centrifugation for 3 min at 1580 g the (upper) octane layer was removed and evaporated to dryness in a stream of nitrogen. The lipids were redissolved in 2 mL of 2 . 5% (v/v) diethyl ether in hexane, applied to a silica column (Varian, Analytichem Bond Elut) and eluted twice with 2 mL of the same solvent to obtain the cholesteryl ester fraction. Subsequently, the triglycerides were eluted with 2 mL of 15% (v/v) diethyl ether in hexane. Thin-layer chromatography [26] of the fractions showed that separation was essentially complete.
An aliquot of 1 . 5 mL of the eluate that contained the triglycerides was dried down under N 2 . If the amount of triglycerides was less then 0 . 3 mg, then more plasma lipids were extracted until sufficient material was obtained. The triglycerides were dissolved in 0 . 05 mL of hexane and incubated with 2 . 53 mL of buffered porcine pancreatic lipase emulsion (EC 3.1.1.3, Sigma), plus 0 . 125 mL of sodium cholate solution and 0 . 05 mL of calcium chloride solution to hydrolyse the sn-1 and sn-3 fatty acids. The reaction was stopped after 3 min by adding 1 mL of hydrochloric acid, 6 mol L ÿ 1 . The lipids were extracted with diethyl ether, dried, dissolved in chloroform and applied to an aminopropyl column (Varian, Analytichem Bond Elut). Di-and triglycerides were eluted with 4 mL of 15% (v/v) ethyl acetate in hexane and the 2-monoglycerides with 4 mL of chloroform-2-propanol, 2 : 1 (v/v). The 2-monoglyceride fraction and an aliquot of the original triglyceride fraction were saponified and methylated for gas chromatographic analysis [27] .
Fatty acid compositions of monoglyceride fractions obtained at different lipase concentrations were highly similar but absolute amounts recovered differed. We reduced the concentration of lipase from 10 [28] to 2 . 5 mg mL ÿ 1 to optimize the proportion of total fatty acids recovered in the monoglyceride fraction. The sn-2 fatty acid compositions of Betapol and palm oil as determined by the official method [28] were similar to the compositions as determined by our method; differences were less than 1 . 4 g 100 g ÿ 1 for every sn-2 fatty acid. A serum pool with a triglyceride concentration of 1 mmol L ÿ 1 and a solution of 0 . 3 mg of Betapol in 0 . 65 mL of hexane were used as internal controls and for calculation of the reproducibility. The analytical coefficient of variation within runs of the main fatty acids (C 16:0 , C 18:0 , C 18:2 and C 20:4 ) was on average 1 . 3% for total fatty acids and 4 . 8% for sn-2 fatty acids in triglycerides. All samples of a particular subject were analysed within one run.
Erythrocyte lipids were extracted from haemolysed cells into isopropanol-hexane 3 : 4 (v/v); the hexane contained 50 mg 2,6-di-tert-butyl-p-cresol (BHT; BDH Biochemicals, Poole, UK) as an anti-oxidant. The cholesteryl esters from plasma were transmethylated with 40 mL H 2 SO 4 L ÿ 1 methanol for 1 h at 908C. Phospholipids from erythrocytes were transmethylated using the same reagent but with an overnight incubation (18 h) at 608C, because hydrolysis of phospholipids is slower than that of cholesteryl esters as well as for logistic reasons [27] . The coefficients of variation within runs for the major fatty acids was 0 . 7% for cholesteryl esters and 1 . 9% for erythrocyte phospholipids. . Lipoprotein cholesterol concentrations were also highly similar [20] . Table 3 shows the total and sn-2 fatty acids compositions of the plasma triglycerides. On the Betapol diet, in which oleic acid was attached to the outer positions of the dietary triglycerides, the proportion of oleic acid of total fatty acids in triglycerides was 1 . 4 g 100 g than on the palm oil diet. There were small increases in the proportions of palmitoleic and polyunsaturated fatty acids (Table 3 , column 3). Changes were largely located in the sn-2 position: column 6 of Table 3 shows that the Betapol diet raised the proportion of palmitic acid on the sn-2 position of plasma triglycerides by 2 . 1 g 100 g . Fig. 2 depicts the individual differences in sn-2 fatty acids between the two diets. Out of all 60 subjects, 45 had a higher proportion of palmitic acid and 46 had a lower proportion of oleic acid on the sn-2 position of plasma triglycerides on the Betapol diet relative to the palm oil diet.
Results
Fatty acid compositions of the plasma cholesteryl esters are shown in Table 4 . Betapol increased the proportion of palmitic acid by 0 . 7 (P Figure 3 shows that 55 out of 60 subjects had a higher proportion of palmitic and 43 had a lower proportion of oleic acid in their cholesteryl esters on the Betapol diet than on the palm oil diet.
The compositions of the erythrocyte membrane fatty acids are given in Table 5 . On Betapol the proportion of palmitic acid increased by 0 . 17 g 100 g 001), while the proportions of polyunsaturated fatty acids were somewhat, although not significantly, lower than on the palm oil diet.
Five women experienced events during the trial that could have influenced their lipid metabolism, e.g. oestrogen therapy during part of the trial, treatment with antibiotics, and weight loss [20] . However, statistical analyses without the data of these five women produced essentially similar results.
Discussion
Plasma triglyceride configuration
Our findings show that the positional distribution of dietary fatty acids modestly influences the fatty acid FAT STRUCTURE AND BLOOD FATTY ACIDS 143 # configuration and composition of fasting plasma lipids. Although the differences in plasma triglyceride configuration between the diets were much smaller than the differences in the dietary triglycerides, the changes in sn-2 fatty acids in plasma triglycerides clearly reflected changes in the sn-2 fatty acids in dietary fat. Myher et al. [29] found an increase in palmitic acid at the sn-2 position of plasma triglycerides 4 h after subjects consumed a large single dose of lard, which, like Betapol, contains palmitic acid mainly at the sn-2 position. This effect was somewhat larger than observed here but still modest. A change of this kind was to be expected because Myher measured post-prandial triglycerides. Our observation that fasting plasma triglycerides partly reflect the dietary fatty acid configuration is new and suggests an effect beyond chylomicron clearance.
The positional distribution of dietary fatty acids was also reflected in the total fatty acid composition of plasma lipids; when a fatty acid was mainly on the sn-2 position of the dietary fat, its proportion in both total triglycerides and cholesteryl esters was increased. Changes in the pattern of the fatty acids in erythrocyte membranes-mainly phospholipids-were in the same direction as seen in the triglycerides and cholesteryl esters. Although these effects were smaller than those seen when the overall pattern of dietary fatty acids is changed [30, 31] , they were highly consistent.
Innis et al. [32] found that in newborn piglets Betapol increased palmitic and decreased linoleic acid in the plasma triglycerides, while the proportion of oleic acid was unaltered. We found that Betapol did not affect the total palmitic acid in the plasma triglycerides, and decreased the oleic acid content. Innis et al. [32] reported an increase in palmitic acid and decreases in unsaturated fatty acids in cholesteryl esters on the Betapol diet. This agrees with our findings, although the differences seen in piglets were larger. However, the effects of dietary fat on lipid metabolism of newborn piglets are difficult to compare with those of adult humans, not only because of species differences, but also because in neonates the absorption of palmitic acid in the sn-2 position is much more efficient than that of palmitic acid in the sn-1 and sn-3 position [33, 34] .
It is unlikely that the differences in the configuration of triglycerides in plasma were due to residual chylomicrons. Blood samples were taken 11 . 5-14 . 0 h after the last meal. Compliance of the subjects with instructions for fasting was high [20] , and the fasting state was confirmed by low triglyceride levels. The observed differences in sn-2 fatty acids must thus be due to triglycerides in lipoproteins other than chylomicrons. A plausible explanation is that chylomicron triglycerides absorbed after a meal escape lipolysis through transfer to VLDL, LDL, or HDL by lipid transfer proteins [11] (route H in Fig. 1 ). VLDL particles are converted to LDL [35] and LDL triglycerides cannot be hydrolysed by lipoprotein lipase because LDL lacks apolipoprotein CII. Furthermore, catabolism of VLDL, LDL and HDL is much slower than that of chylomicron (remnant) particles [35] . Observations that substantial amounts of retinyl ester are transferred from chylomicrons to VLDL [36, 37] supports this explanation.
An alternative explanation is that newly synthesized hepatic triglycerides reflect the positional distribution of dietary triglycerides (route J in Fig. 1 ). Theoretically, 2-monoglycerides resulting from peripheral lipoprotein lipase action on exogenous triglycerides (route D) could be transported to the liver by chylomicron remnants or albumin [9] (route F) and then be used for synthesis of VLDL triglycerides in the microsomes (route J). However, this presumes that 2-monoglycerides are not hydrolysed by hepatic lipases (route G) and that the 2-monoacylglycerol pathway of triglyceride synthesis (route J ) is active in the adult human liver. Significant activity of microsomal monoacylglycerol acyltransferase, the enzyme that defines this pathway, has been observed in neonatal but not in adult rat liver [38] . It is possible that the high proportion of energy obtained from dietary fat by humans induces this pathway, but this 144 P. L. ZOCK et al. [4] . B Reacylation of absorbed 2-monoacylglycerols to chylomicron triglycerides [5] . C Reacylation of 2-monoacylglycerols to chylomicron phosphatidylcholine [6] , D Peripheral hydrolysis of fatty acids on the sn-1 and sn-3 positions of chylomicron triglycerides by LPL [7] . E Tissue uptake of lipolytic products generated by LPL [8] . F Transport to the liver of 2-monoacylglycerols formed by LPL [9] . G Hydrolysis of 2-monoacylglycerols reaching the liver [9, 10] . H Transfer of chylomicron triglycerides to other lipoproteins by LTP [11] . J Hepatic triglyceride synthesis from 2-monoacylglycerols transported to the liver (speculative). K Hepatic phospholipid synthesis from 2-monoacylglycerols transported to the liver (speculative). L Formation of plasma cholesteryl esters by hepatic ACAT [4] . M Formation of plasma cholesteryl esters by transfer of the sn-2 fatty acid from phosphatidylcholine to free cholesterol by LCAT [12] . N Plasma phospholipid synthesis by intestinal reacylation of absorbed lysolecithin [13, 14] . O De novo phospholipid synthesis in the intestine [15] . P De novo phospholipid synthesis in the liver [16] . mechanism remains speculative [39] , and lipid transfer from chylomicrons to other lipoproteins seems the most plausible explanation for our findings.
Fatty acid composition of cholesteryl esters
The majority of cholesteryl esters in plasma are generated by LCAT, which transfers a fatty acid from phosphatidylcholine to free cholesterol (route M in Fig. 1 ). LCAT has a preference for the unsaturated sn-2-fatty acids of phosphatidylcholine. Most phospholipids circulating in plasma are synthesized in the liver (route P), but intestinal mucosal cells also produce phosphatidylcholine, either by reacylation of absorbed lysolecithin [14] (route N), or by de novo synthesis [40] . An early study [15] with isolated microsomes from rat intestinal cells suggested that mucosal phosphatidylcholine is synthesized only via the phosphatidic acid pathway (route O), but it was recently shown that rat and hamster mucosal cells can also utilize 2-monoacylglycerols for phospholipid production in vitro [6] (route C). We are not aware of any human data on this subject. If route C operates in vivo in man, then dietary sn-2 fatty acids might end up in the sn-2 position of chylomicron phosphatidylcholine and be subsequently transferred to cholesteryl esters by LCAT in plasma (route M). This explanation is supported by the fatty acid composition of erythrocyte phospholipids, which showed a small but significant enrichment of palmitic acid on the Betapol diet. Our data do not support formation of chylomicron phospholipids through reacylation of the 2 position of absorbed lysolecithin (sn-1-acylglycerylphosphorylcholine) in mucosal cells in man in vivo (route N in Fig. 1 ). During digestion and absorption of fat, dietary sn-2 fatty acids remain esterified to glycerol -at least partly-and are thus less available for reacylation of the 2 position of lysolecithin than are sn-1 or sn-3 fatty acids, and by inference they would also be less available for cholesteryl ester formation by LCAT (route M). The special oils supplied 70% of the total fat in the study diets, of which 64% was margarine. The remaining 30% came from conventional foodstuffs (largely dairy products and meat). * Calculated from the total and sn-2 fatty acid composition. However, we observed enrichment of sn-2 fatty acids from dietary origin in cholesteryl esters; therefore selective reacylation of lysolecithin in the human gut does not explain our findings. The same reasoning suggests that intestinal ACAT is not a major route towards formation of plasma cholesteryl esters (route A): sn-1 and sn-3 fatty acids from dietary triglycerides are more available for mucosal ACAT than the sn-2 fatty acids, but we observed an enrichment rather than depletion of sn-2 fatty acids in plasma cholesteryl esters. Therefore, synthesis of chylomicron phosphatidylcholine from absorbed 2-monoacylglycerols (route C) and subsequent transfer of the sn-2 fatty acid to cholesterol esters by LCAT in plasma (route M) is the most likely pathway for the observed effects of the dietary fatty acid configuration on the composition of plasma cholesteryl esters. Alternatively, some of the sn-2-mono-palmitoylglycerols produced by lipoprotein lipase action on chylomicrons after a Betapol-rich meal might be transported to the liver by albumin or in chylomicron remnants (route F in Fig. 1 ) [9] . The ensuing higher availability of palmitic acid for cholesterol esterification by hepatic cells could enhance production and secretion of cholesteryl palmitate in VLDL particles (route L). Increased delivery of palmitic acid to the liver could also explain the small rises in serum LDL cholesterol seen on Betapol [20, 32] , because the low affinity of ACAT for palmitic acid may cause a rise in a pool of unesterified (chole)sterol, resulting in down-regulation of the hepatic LDL receptor and a rise in plasma LDL concentrations [41] .
A third possible mechanism is that exogenous 2-monoacylglycerols reaching the liver might be converted into phosphatidylcholine (route K in Fig. 1 ). Secretion of these phospholipids in VLDL particles and transfer of the sn-2 fatty acids to cholesterol esters by LCAT (route M) might explain the increase in plasma cholesteryl palmitate that we observed on the Betapol diet. However, this mechanism is less likely because the 2-monoacylglycerol pathway of glycerolipid synthesis is probably not active in the adult liver [38, 39] . In addition to an increased proportion of palmitic acid in blood lipids on the Betapol diet, we also noted small increases in the proportions of palmitoleic acid (C 16:1nÿ7 ) and C 18:1nÿ7 in cholesteryl esters, triglycerides, and eryhrocyte phospholipids. This suggests enhanced 1 9-desaturation and elongation of palmitic acid. It might be speculated that, because of lipoprotein lipase specificity (route E), the sn-2 fatty acids in chylomicron triglycerides -palmitic acid on the Betapol dietare less available for oxidation in peripheral tissues and thus more available for desaturation and elongation in the liver and other tissues than sn-1 and sn-3 fatty acids.
We found that the positional distribution of fatty acids in dietary fat had a small but distinct influence on the fatty acid configuration and composition of fasting plasma triglycerides and cholesteryl esters in humans. cannot be excluded. It should be noted that the difference in triglyceride configuration between the dietary fats was extreme and that the retention of the sn-2 position in blood lipids was rather modest. Previously we reported that the dietary fatty acid configuration had little effect on lipoprotein levels in humans [20] . Although of metabolic interest, it is unlikely that the modest conservation of the sn-2 position of dietary fat in fasting blood lipids has any substantial health effect.
